Pigs are capable of generating reassortant influenza viruses of pandemic potential, as both the avian and mammalian influenza viruses can infect pig epithelial cells in the respiratory tract. The source of the current influenza pandemic is H1N1 influenza A virus, possibly of swine origin. This study was conducted to understand better the pathogenesis of H1N1 influenza virus and associated host mucosal immune responses during acute infection in humans. Therefore, we chose a H1N1 swine influenza virus, Sw/OH/24366/07 (SwIV), which has a history of transmission to humans. Clinically, inoculated pigs had nasal discharge and fever and shed virus through nasal secretions. Like pandemic H1N1, SwIV also replicated extensively in both the upper and lower respiratory tracts, and lung lesions were typical of H1N1 infection. We detected innate, proinflammatory, Th1, Th2, and Th3 cytokines, as well as SwIV-specific IgA antibody in lungs of the virus-inoculated pigs.
Swine influenza is a highly contagious, acute respiratory viral disease of swine. The causative agent, swine influenza virus (SwIV), is a strain of influenza virus A in the Orthomyxoviridae family. Clinical disease in pigs is characterized by sudden onset of anorexia, weight loss, dyspnea, pyrexia, cough, fever, and nasal discharge (21) . Porcine respiratory tract epithelial cells express sialic acid receptors utilized by both avian (␣-2,3 SAgalactose) and mammalian (␣-2,6 SA-galactose) influenza viruses. Thus, pigs can serve as "mixing vessels" for the generation of new reassortant strains of influenza A virus that may contain RNA elements of both mammalian and avian viruses. These "newly generated" and reassorted viruses may have the potential to cause pandemics in humans and enzootics in animals (52) .
Occasional transmission of SwIV to humans has been reported (34, 43, 52) , and a few of these cases resulted in human deaths. In April 2009, a previously undescribed H1N1 influenza virus was isolated from humans in Mexico. This virus has spread efficiently among humans and resulted in the current human influenza pandemic. Pandemic H1N1 virus is a triple reassortant (TR) virus of swine origin that contains gene segments from swine, human, and avian influenza viruses. Considering the pandemic potential of swine H1N1 viruses, it is important to understand the pathogenesis and mucosal immune responses of these viruses in their natural host. Swine can serve as an excellent animal model for the influenza virus pathogenesis studies. The clinical manifestations and pathogenesis of influenza in pigs closely resemble those observed in humans. Like humans, pigs are also outbred species, and they are physiologically, anatomically, and immunologically similar to humans (9, 23, 39, 40) . In contrast to the mouse lung, the porcine lung has marked similarities to its human counterpart in terms of its tracheobronchial tree structure, lung physiology, airway morphology, abundance of airway submucosal glands, and patterns of glycoprotein synthesis (8, 10, 17) . Furthermore, the cytokine responses in bronchoalveolar lavage (BAL) fluid from SwIV-infected pigs are also identical to those observed for nasal lavage fluids of experimentally infected humans (20) . These observations support the idea that the pig can serve as an excellent animal model to study the pathogenesis of influenza virus.
Swine influenza virus causes an acute respiratory tract infection. Virus replicates extensively in epithelial cells of the bronchi and alveoli for 5 to 6 days followed by clearance of viremia by 1 week postinfection (48) . During the acute phase of the disease, cytokines such as alpha interferon (IFN-␣), tumor necrosis factor alpha (TNF-␣), interleukin-1 (IL-1), IL-6, IL-12, and gamma interferon (IFN-␥) are produced. These immune responses mediate both the clinical signs and pulmonary lesions (2) . In acute SwIV-infected pigs, a positive correlation between cytokines in BAL fluid, lung viral titers, inflammatory cell infiltrates, and clinical signs has been detected (2, 48) .
Infection of pigs with SwIV of one subtype may confer complete protection from subsequent infections by homologous viruses and also partial protection against heterologous subtypes, but the nature of the immune responses generated in the swine are not fully delineated. Importantly, knowledge related to host mucosal immune responses in the SwIV-infected pigs is limited. So far only the protective virus-specific IgA and IgG responses in nasal washes and BAL fluid, as well as IgA, IgG, and IgM responses in the sera of infected pigs, have been reported (28) . Pigs infected with H3N2 and H1N1 viruses have an increased frequency of neutrophils, NK cells, and CD4 and CD8 T cells in the BAL fluid (21) . Pigs infected with the pandemic H1N1 virus showed activated CD4 and CD8 T cells in the peripheral blood on postinfection day (PID) 6 (27) . Proliferating lymphocytes in BAL fluid and blood and virusspecific IFN-␥-secreting cells in the tracheobronchial lymph nodes (TBLN) and spleen were detected in SwIV-infected pigs (7) . Limited information is available on the mucosal immune responses in pig lungs infected with SwIV, which has a history of transmission to humans.
In this study, we examined the acute infection of SwIV (strain SwIV OH07) in pigs with respect to viral replication, pathology, and innate and adaptive immune responses in the respiratory tract of these pigs. This virus was isolated from pigs which suffered from respiratory disease in Ohio, and the same virus was also transmitted to humans and caused clinical disease (43, 55) . Interestingly, like pandemic H1N1 influenza virus, SwIV also infects the lower respiratory tract of pigs. Delineation of detailed mucosal immune responses generated in pig lungs during acute SwIV OH07 infection may provide new insights for the development of therapeutic strategies for better control of virus-induced inflammation and for the design and testing of effective vaccines.
MATERIALS AND METHODS

Virus.
Recently isolated TR H1N1 Sw/OH/24366/07 (55) was used to infect pigs. Virus was propagated in Madin-Darby canine kidney (MDCK) cells. The MDCK cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, penicillin-streptomycin, and amphotericin B (Gibco). For the preparation of virus stock and titration, MDCK cells were cultured in DMEM supplemented with TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin (1 g/ml).
Pigs. As the majority of commercial pigs possess circulating influenza-specific antibodies, we used naturally delivered colostrum-deprived conventional Large White-Duroc crossbred pigs that were raised in our BSL2 facility at the Ohio Agricultural Research and Development Center, the Ohio State University, Wooster, OH. Prior to infection at 2 and 4 to 5 weeks of age, pigs were bled and sera were confirmed negative for the antibodies against H1 and H3 influenza viruses. Pigs were maintained, inoculated, and euthanized in accordance with the standards of the Institutional Laboratory Animal Care and Use Committee, the Ohio State University.
Virus inoculation and management of pigs. Two identical trials were conducted. Pigs were anesthetized using Telazol (Fort Dodge). During each trial, six pigs were inoculated with SwIV OH07 (3.0 ϫ 10 6 50% tissue culture infective doses [TCID 50 ] [intranasally] and 3.0 ϫ 10 6 TCID 50 [intratracheally] ). Six mockinfected pigs inoculated with DMEM were also included in the study. All pigs were monitored daily for clinical signs of respiratory infection, and rectal temperatures from PID 0 through PID 6 were obtained. Nasal swabs from the virusand mock-infected pigs were collected daily for virus detection.
Evaluation of gross and histopathologic lesions. Three pigs each from mockand SwIV-infected group were euthanized on PID 3 and PID 6. At necropsy, the trachea, lung, heart, tonsil, kidney, spleen, liver, TBLN, duodenum, jejunum, ileum, cecum, and colon were examined grossly and a portion (approximately 1 g) of the organ was collected in DMEM for virus isolation and titration. Grossly evident pulmonary changes were assigned a score based upon the percentage of virus-affected lesions (purple-red consolidation, typical of SwIV) in each lung lobe. A total percent involvement for each lung was calculated based on weighted proportions of each lobe to the total lung volume as described previously (19, 24) .
For microscopic examination, a small portion of all the above-mentioned organs and the complete right lung were preserved in 10% buffered formalin. The fixed tissues were embedded in paraffin, and 3-m sections were cut for histological examination. Examination of tissue sections from this study was conducted by a veterinary pathologist who was blinded to the experimental design and SwIV infection status.
Tissue sections of lungs were stained with hematoxylin and eosin and examined microscopically for bronchiolar epithelial changes and peribronchiolar inflammation as described previously (24, 38) . Lesion severity was scored by the distribution or by the extent of lesions within the sections examined, as follows: 0, no visible changes; 1, mild focal or multifocal change, minimally different from the normal; 2, moderate multifocal change; and 3, severe and diffusely distributed change.
Detection of virus replication in tissues. Homogenates (10% [wt/vol]) of individual lung lobes (left cranial, left caudal, right cranial, right middle, right caudal, and accessory lobe), trachea, heart, liver, spleen, kidney, duodenum, ileum, cecum, jejunum, and colon were prepared in DMEM with antibiotics using a tissue homogenizer (Omni homogenizer) (GLH) and Omni Tip plastic generator probes (Omni International). Debris was removed by centrifugation (10 min at ϳ1,500 ϫ g) and the supernatant was collected and filtered through a 0.45-m sterile filter. Clarified material was stored at Ϫ80°C until being used for the virus titration.
Serial 10-fold dilutions of nasal swab and 10% (wt/vol) homogenate of all the tissues mentioned above were prepared in DMEM supplemented with 1 g of TPCK trypsin/ml. MDCK cells cultured in 96-well tissue culture plates were inoculated with the dilutions and were examined for cytopathic effects after 48 to 72 h of incubation at 37°C. Virus titers were calculated by the standard method.
Determination of cytokine concentrations in lung by ELISA. Lung lysates from all the euthanized pigs were prepared as described previously (3, 36) and frozen at Ϫ20°C until cytokine analysis by enzyme-linked immunosorbent assay (ELISA). Lung lysates were analyzed for innate (IFN-␣), proinflammatory (IL-6), Th2 (IL-4), Th1 (IFN-␥ and IL-12), and anti-inflammatory/T-regulatory (IL-10 and transforming growth factor ␤ [TGF-␤]) cytokines by ELISA as described previously (1, 24, 36) .
ELISA for antigen-specific IgA antibodies. Influenza antigen-specific IgA, IgG, and IgM antibodies were measured by ELISA as described previously (50) with few modifications. Briefly, Maxisorp 96-well plates were coated with a pretitrated concentration (15 g/ml) of UV-inactivated SwIV OH07 antigens and incubated overnight at 4°C. The plates were blocked for 2 h at room temperature (RT) with 100 l of 1% bovine serum albumin (BSA) in TBST (0.1 M Tris, 0.17 M NaCl, 0.05% Tween 20) and then washed four times with phosphate-buffered saline plus 0.05% Tween 20. Serum and lung lysate samples were added (100 l/well) in duplicate, and the plates were incubated for 2 h at RT. Samples of previously defined positive sera and the negative-control sera were run on each plate. Subsequently, the plates were incubated with horseradish peroxidase (HRP)-labeled anti-porcine IgA, IgG, and IgM secondary antibody (KPL) for 2 h. After being washed, the plates were developed using tetramethyl benzidine substrate. The optical density (OD) of the reaction was measured at 450 nm with a microplate reader (Molecular Devices SpectraMax Plus 384). To eliminate the background activity, an influenza antigen-uncoated control plate, blocked and treated exactly as described above, was included side-by-side. The OD values obtained from the experimental plates were subtracted from those of the control plate to obtain corrected OD values.
Isolation of BAL cells, PBMC, tonsils, lung, and TBLN mononuclear cells. Blood was collected in acid citrate dextrose solution. Samples of TBLN and tonsils were collected in DMEM. Isolation of peripheral blood mononuclear cells (PBMC), TBLN mononuclear cells (MNC), and BAL cells was performed using the standard procedures described previously (47) . Briefly, tonsils and TBLN were processed through a cell selector (70-m tissue screen). Buffy coat cells from peripheral blood were layered on Histopaque (lymphocyte separation me-
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dium) (ICN Biomedicals) and centrifuged for 30 min at 400 ϫ g. Following Percoll or Histopaque purification, mononuclear cell layers were recovered, erythrocytes were lysed by hypotonic shock using water, and the resulting MNC preparations were washed and resuspended in RPMI medium. Lung MNC were isolated as described previously (29), with few modifications. Briefly, after euthanasia the pulmonary vasculature was flushed with excess sterile PBS to remove peripheral blood, and lungs were subsequently removed. The airways were lavaged to remove free cells as well as to collect BAL cells as described previously (4) using sterile ice-cold PBS containing EDTA (0.03%). Subsequently, the lung tissue was collected in PBS, washed in sterile PBS, minced and suspended in PBS containing DNase (40 g/ml) and type II collagenase (1.5 mg/ml), and incubated on an orbital shaker at 37°C for 2 h. Released cells were collected and fractionated using 43 and 70% Percoll density gradient centrifugation, and the interface rich in lung MNC was collected. Cells were counted with a hemacytometer, and viability was tested by trypan blue exclusion and was found to be Ͼ95%.
Flow cytometry. Single-cell suspensions were subjected to multicolor immunostaining for flow cytometric analysis. Briefly, cells were resuspended in fluorescence-activated cell sorting (FACS) buffer (Hanks balanced salt solution [HBSS] containing 0.1% BSA and 0.02% sodium azide). Cells were plated in U-bottom 96-well plates and then treated with FACS buffer containing 2% pig serum for 20 min to block Fc receptors. Cells were then stained with either the appropriate monoclonal antibody (MAb) directly conjugated to specific fluorochromes, biotinylated antibody, or purified antibody specific to pig-specific cell surface markers, such as CD3, CD21, CD172 (Southern Biotech), CD4, CD8, CD11c (BD Biosciences), CD25, major histocompatibility complex (MHC) class II (Serotec), TcR1N4 (VMRD), and FoxP3 (eBioscience). Respective isotype controls were also included in the assay. Cells were then washed with FACS buffer and treated with streptavidin-conjugated fluorochromes or respective antispecies isotype-specific secondary antibody conjugated with fluorochromes. Finally, cells were fixed with 1% paraformaldehyde, and immunostained cells were acquired using FACS AriaII (BD Biosciences) and analyzed using FlowJo software (Tree Star, Inc., OR). For FoxP3 staining, the cells were first surface stained for CD4␣ and CD25 as described above and then fixed, permeabilized and stained with fluorochrome-conjugated pig FoxP3 cross-reactive anti-rat FoxP3 MAb as described previously, and acquired and analyzed as described above.
Lymphocyte subpopulations were separated initially by CD3-positive and -negative gates. Based on CD4 and CD8 staining characteristics, each subpopulation was then further grouped as follows: (i) lymphocyte subsets with phenotype
. All the CD172 ϩ cells were grouped as a total myeloid cell population, and cells with CD172 ϩ CD11c ϩ MHC class II ϩ were grouped as a dendritic cell (DC)-rich fraction. Frequencies of individual lymphocyte and myeloid cell subsets were analyzed from 50,000 to 100,000 total events. Data are presented as a fold change in the frequencies of cell subsets from SwIV-infected pigs over that of the control.
Influenza virus-specific memory immune responses. The assay to measure the recall/memory cytokine response was performed as described previously (46) with few modifications. Briefly, five million TBLN-MNC of pigs infected with SwIV OH07 at PID 6 were restimulated with the inactivated total SwIV OH07 antigens (100 g/ml) for 72 h at 37°C in an enriched RPMI 1640 (E-RPMI) (10% FBS, gentamicin [100 g/ml], ampicillin [20 g/ml], 20 mM HEPES, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 50 nM 2-ME) in 24-well tissue culture plates. IFN-␥ production in the supernatants was measured by ELISA as described above.
Statistical analysis. Mean body temperatures, extent of gross and histopathologic changes, and virus replication in both infected and control groups were compared using the two-sided Student's t test. P values of Ͻ0.05 were considered to indicate a statistically significant difference between the pig groups.
RESULTS
SwIV-infected pigs had clinical disease with severe acute lung pathology. In pigs, rectal temperatures of Ն103°F are considered a febrile response. Pigs inoculated with SwIV OH07 (SwIV) had a constant elevated febrile response from PIDs 1 to 5, while control pigs remained afebrile (data not shown). Three out of six SwIV-infected pigs had nasal discharge at PID 1. During necropsy, gross purple-red consolidated pulmonary lesions typical of SwIV were observed in the infected pigs; these lesions were not present in the control pigs (Fig. 1A) . The affected part of the lungs exhibited a lobular pattern and was depressed from the adjacent normal lung parenchyma. The mean percent gross lung lesion scores in infected pigs were 28 Ϯ 13.4 and 30 Ϯ 15.9 at PIDs 3 and 6, respectively (Fig. 1B) . Microscopically, the inflammatory changes observed in lungs of SwIV-infected pigs reflected the gross lesions. In SwIV-infected pigs, bronchial epithelial cell hyperplasia (multiple epithelial cell layers, admixed with clear evidence of epithelial cell necrosis) and extensive intraluminal aggregates of necrotic debris and inflammatory cell infiltrates were observed [ Fig. 1C (ii) ]. In severely infected pig lungs, the bronchi were completely denuded of lining epithelium. Interstitial pneumonia was characterized by thickening of alveolar walls with infiltrated inflammatory cells and collapsed alveolar spaces [ Fig. 1C (iv) ].
Replication of SwIV was detected principally in the pig lung. Virus shedding into the nasal cavity peaked at PID 1 (10 5.2 TCID 50 /ml), and infectious virus was recovered until PID 6 ( Table 1) . SwIV replication was detected in all the lung lobes of both right and left lungs (Table 1) . Virus titers varied among infected pigs, and in particular the highest titer observed was in the left caudal lobe at both PIDs 3 and 6. In the trachea, virus replication was detected at both PIDs 3 (titer range, 10 2.75 to 10 4.5 /ml) and 6 (titer range, 10 2.5 to 10 4.25 /ml). Interestingly, virus replication was not detected in any other nonrespiratory organ, except in tonsils, where two of three pigs at both the PIDs had a titer of 10 1.5 /ml (the minimum detection limit of the assay). These results indicated that SwIV virus replicates mainly in the pig lungs.
Humoral immune response to SwIV. SwIV-infected pigs had significantly higher levels of anti-SwIV-specific IgA antibodies in their lungs than controls at both PIDs 3 and 6 (Fig. 2) . Virus-specific IgG and IgM antibody responses were not detected in the lungs of infected pigs at either of the time points tested (data not shown).
SwIV infection induces the proinflammatory cytokine response in the lungs. The amount of secreted IFN-␣ was significantly higher at PID 3 in the SwIV-infected pig lungs than in the respective mock-infected control (Fig. 3A) . The concentrations of IL-6 and IL-12 were higher at both PIDs 3 and 6 ( Fig. 3B and D) in the lungs of SwIV-infected pigs. In addition, substantially larger amounts of IFN-␥ were detected in the lungs of SwIV-infected pigs than controls at PID 6 (Fig. 3C) . The concentrations of IL-10, TGF-␤, and IL-4 in virus-infected pigs were slightly higher than those in control pig lungs at both the PIDs (data not shown). Small amounts of TNF-␣ were also detected in the SwIV-infected pig lungs at PID 3 but not in controls (data not shown).
SwIV infection altered the frequency of both lymphoid and myeloid cells in the pig lungs. The immune cell phenotypes in the SwIV-infected pig lungs were analyzed early in the infection (PID 3) and also when cells are expected to infiltrate in to the lungs (PID 6). Virus infection led to a decrease in the frequency of NK cells in lungs and PBMC at both the PIDs in BAL fluid, tonsils, and PBMC (Fig. 4A) . At PID 3, the frequency of the DC-rich population was substantially increased in the lungs and tonsils but decreased in TBLN and blood, whereas at PID 6, the DC-rich fraction was much higher in the lungs, BAL fluid, and PBMC than that in mock-control pigs (Fig. 4B) . A slight increase in the total B cells in BAL fluid and a decrease in the TBLN and tonsils were detected for the infected pigs at PID 3. At PID 6, their frequency was lower in BAL fluid (10.7 Ϯ 1.0% in controls versus 3.1 Ϯ 0.8% in infected pigs; P Ͻ 0.05) and substantially higher in the tonsils than the respective levels in control pigs (Fig. 4C) .
In SwIV-infected pigs, a significant reduction in the proportion of CD4 ϩ T cells (T-helper cells) in TBLN (52.4 Ϯ 4.4% in controls versus 32.2 Ϯ 4.6% in infected pigs; P Ͻ 0.05) and a substantial decrease of these cells in the lungs, tonsils, and PBMC at PID 3 was detected. However, the frequency of CD4 ϩ T cells was increased substantially in BAL fluid and tonsils and even more significantly (37.2 Ϯ 4.2% in controls versus 50.2 Ϯ 1.0% in infected pigs) in PBMC compared to that in control pigs at PID 6 (Fig. 4D ). CTLs were substantially higher in the frequency in TBLN and tonsils at PID 3 and Fig. 4E) . The levels of ␥␦ T cells were slightly higher in BAL fluid and lower in the TBLN of SwIV-infected pigs at PID 3 and significantly higher in BAL fluid (3.2 Ϯ 0.5% in controls versus 6.3 Ϯ 0.6% in infected pigs) and lower in tonsils of the infected pigs than those of the respective control pigs (Fig. 4F) .
In infected pigs, a higher frequency of Treg cells (Tregs) was detected in the lungs and tonsils, but their frequency was lower in the BAL fluid at PID 3. At PID 6, their frequency was higher in the lungs (2.7 Ϯ 0.04% in controls versus 8.0 Ϯ 0.4% in infected pigs; P Ͻ 0.05), BAL fluid, tonsils, and PBMC than in corresponding samples from control pigs (Fig. 5A ). CD4CD25FoxP3 triple positive cells (Tregs) were detected consistently in SwIV-inflected pig lungs (Fig. 5B) . Memory/Thelper cells were significantly higher in TBLN (5.7 Ϯ 0.3% in controls versus 14.6 Ϯ 1.1% in infected pigs), BAL fluid (0.7 Ϯ 0.2% versus 5.4 Ϯ 0.9%), and tonsils (3.3 Ϯ 1.3% versus 13.5 Ϯ 1.7%) in control versus SwIV-infected pigs, respectively (Fig. 5C ). At PID 6, the frequency of activated T cells was significantly higher in the lungs (1.5 Ϯ 0.15% versus 4.2 Ϯ 0.8%) and BAL fluid (2.0 Ϯ 1.0% versus 5.7 Ϯ 0.3) in control versus SwIV-infected pigs, respectively (Fig. 5D ). In particular, activated T-helper cells (CD4 ϩ CD25 ϩ ) were significantly higher in BAL fluid (1.4 Ϯ 0.1% in controls versus 6.1 Ϯ 0.6% in infected pigs) and substantially higher in the lungs. Activated CTLs (CD8 ϩ CD25 ϩ ) were higher in the lungs and BAL fluid (1.9 Ϯ 0.1% in controls versus 5.6 Ϯ 0.4% in infected pigs; P Ͻ 0.05). In contrast, activated T cells were comparable to those of mock-infected pigs in TBLN and tonsils in SwIVinfected pigs (Fig. 5D) .
Detection of virus-specific recall/memory T-cell response in the TBLN. The levels of IFN-␥ produced by TBLN-MNC of SwIV-infected pigs upon restimulation in the presence of killed SwIV antigens were analyzed ex vivo and found to be a Five-week-old pigs were infected with Sw/OH/24366/07 H1N1 virus. Nasal swabs were collected daily up to PID 6. At PIDs 3 and 6, lungs were harvested from the infected pigs and 10% homogenate was prepared from individual lung lobes by using tissue homogenizer. Influenza virus shedding in the nasal swabs and virus titers in individual lung lobes were determined by titration using MDCK cells. Values indicate mean virus titers in nasal swabs of six pigs Ϯ SEM from PID 1 to PID 3 and three pigs Ϯ SEM from PID 4 to PID 6 and the mean virus titers in individual lung lobes of three pigs Ϯ SEM at PIDs 3 and 6 except in the accessory lung lobe at PID 3, where values are mean virus titers Ϯ SEM for two pigs. A similar trend in the virus titers in nasal swabs and lungs was detected in another independent experiment.
FIG. 2. SwIV-specific IgA antibody response in the lungs of experimentally infected pigs. On PIDs 3 and 6, virus-specific IgA antibody production in lungs of mock-and SwIV-infected pigs was analyzed by ELISA. Each bar indicates mean OD 450 Ϯ SEM for three pigs. Asterisk indicates significant differences (P Ͻ 0.05) in virus-infected pig lungs compared to mock-infected control pigs. A similar trend in the virus-specific IgA antibody response was also found in another independent experiment. significantly higher at PID 6 than those of mock-infected control pigs (Fig. 6 ).
DISCUSSION
The goal of the present study was to examine the pathogenesis of H1N1 SwIV OH07 (SwIV) in the natural host with particular emphasis on the host mucosal immune responses. This study is the first to demonstrate the phenotype of different immune cells associated with innate, adaptive, and regulatory immune responses during the acute phase of the disease, in particular at the site of viral replication. Originally, SwIV was isolated from pigs, the virus was transmitted to humans, and the same virus was recovered from patients (43, 55) . Consistent with a previous study (51), we also detected nasal shedding of SwIV and observed extensive lung lesions. In addition, we detected replication of the virus to a higher titer in the lungs and the virus was not detected in other tissues, suggesting the lack of tissue tropism in other organs. Consistent with H1N1 SwIV, pandemic H1N1 influenza virus also replicated predominantly in the lungs and not in any other pig organs (5). Interestingly, the SwIV OH07-induced lung lesions in pigs were more severe than those induced by U.S. H1N1 SwIV (49) .
Cellular immune responses are critical for the complete clearance of the influenza virus (18) . SwIV-infected pigs had a higher frequency of CD8 ϩ T cells in TBLN, BAL fluid, tonsils, and lungs, indicating the proliferation of influenza-specific CD8 ϩ T cells. In influenza virus-infected mice, CD8 ϩ T cells continued to proliferate even after they migrated to the lungs, contributing significantly toward the antiviral immunity (32) . Increased CD8 ϩ T cells in BAL fluid and blood of H1N1 and pandemic H1N1 influenza virus-infected pigs was detected (21, 27) . Apart from helping in viral clearance, the CD8 ϩ T cells have been the major effectors for mediating heterotypic immunity against influenza viruses (14, 21, 26, 35, 42) . In contrast, the frequencies of CD4 ϩ T cells were decreased initially in tonsils, TBLN, blood, and lungs but increased substantially at PID 6. Similarly, an increase in the frequency of CD4 ϩ T cells in BAL fluid and PBMC of pandemic H1N1 influenza virusinfected pigs was observed at PID 6 (27) . Presumably, the role of CD4 ϩ T cells in mediating the recovery from influenza virus infection is by stimulating the generation of antiviral neutralizing antibodies (33, 45) and by providing necessary help for the proliferation of virus-specific CTLs (37) . Consistent with that, an increased frequency of activated CD4 ϩ T cells associated with enhanced generation of the SwIV-specific mucosal IgA and an increased frequency of activated CD8 ϩ T cells in pig lungs were detected. Activated CD4 ϩ CD8 ϩ T cells in pigs possess T-helper, cytolytic, and memory properties, important for the viral clearance (12) . Interestingly, in SwIV-infected BAL fluid, TBLN, and tonsils, significantly higher frequencies of CD4 ϩ CD8 ϩ T cells were detected. Consistent with our results, elevated levels of CD4 ϩ CD8 ϩ T cells were also detected in the blood of pandemic H1N1 virus-infected pigs (27) .
The frequency of NK cells in lungs, BAL fluid, and PBMC (21) . The likely reasons for this discrepancy include differences in the timing of sample collection, the strain of the virus used, the animal age, the route of virus inoculation, and the dose of the virus used to infect pigs. However, consistent with our results, humans suffering from severe influenza virus infection showed diminished NK cells in the blood and lungs (22, 53) . It was also demonstrated that influenza virus infection causes lysis and apoptosis of NK cells in humans (31) . In lungs of SwIV-infected pigs, a higher frequency of DCrich fraction was detected. Matured DC produce IL-12 (11), and, incidentally, larger amounts of IL-12 in pig lungs were also detected in our study. The cytokine IL-12 produced by DC activates NK cells and stimulates the production of IFN-␥ by antigen-specific T cells. Consistent with this, an increased amount of IFN-␥ was detected in the lungs of SwIV-infected pigs, suggesting possible secretion of IFN-␥ by activated CD4 was secreted by lymphocytes of TBLN of SwIV-infected pigs, suggesting that activated T cells were present in the infected pigs.
In mice with influenza virus A infection, an increased frequency of ␥␦ T cells during the recovery phase of the disease was detected (13) . ␥␦ T cells provide protection at mucosal surfaces (6), they are phagocytic, and they are involved in the antigen presentation in conjunction with MHC class II molecules in humans (54) . Consistent with that, a significant increase in the proportion of ␥␦ T cells in the lungs and BAL fluid of pigs infected with SwIV was observed in our study; however, their incipient APC function was not tested.
Tregs are known to mediate anti-inflammatory immune responses (30) and play an important role in the pathogenesis of certain viral infections which cause severe inflammatory lesions, such as influenza. We detected a significantly higher frequency of Tregs in SwIV-infected pig lungs, suggesting an attempt by the host to downregulate the severe inflammatory response mediated by the SwIV. One way Tregs mediate strong immunosuppressive responses is by secreting the cytokine IL-10 (25). Consistent with that, higher levels of the antiinflammatory cytokines IL-10 and TGF-␤ were detected in SwIV-infected pig lungs. In humans, an increase in the frequency of Tregs was detected following pandemic H1N1 infection (16) . In a model of virus-induced inflammatory disease caused by a herpes simplex virus infection of the mouse cornea, Tregs attenuated the disease severity by modulating T cellmediated inflammatory responses (44) .
In summary, SwIV OH07 replicated extensively and exclusively in pig lungs, and virus replication in the lungs was accompanied by clinical disease with severe pulmonary inflammation. In the infected pig lungs, secretion of innate, proinflammatory, Th1, Th2, and Th3 cytokines was detected. In addition, a strong mucosal SwIV-specific IgA antibody response, activated T helper cells, CTLs, and Tregs were detected in the pig lungs. Due to the striking similarities between the pathogenesis of SwIV OH07 in pigs and that of pandemic H1N1 virus in humans, the swine SwIV OH07 infection model could be useful for pandemic H1N1 virus pathogenesis studies. Based on our results, we strongly believe that the pig may serve as a useful animal model to design and test effective vaccines and therapeutics against pandemic-influenza-induced pneumonia. Future studies will be directed to delineate the role of individual immune cell subsets in the pathogenesis of influenza virus in pigs.
